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Xanthene-Bridged Cofacial Bisporphyrins
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The synthesis and characterization of cofacial bisporphyrins juxtaposed by xanthene-bridged pillars are presented.
The one-pot preparation of the xanthene dialdehyde avoids the lengthy bridge synthesis accompanying other
cofacial porphyrin systems, thus allowing for the facile preparation of homobimetallicocopper L1), and

nickel (12) complexes. The cofacial orientation of the two porphyrin macrocycles was confirmed by X-ray
crystallography. Structural data are provided for bisporphyithsl2: 10 (C79Hg2NgOZp), triclinic, space group

P1, a = 11.2671(2) Ab = 14.9809(2) A,c = 20.4852(2) A,a = 101.6680(10), 5 = 100.8890(10), y =
101.8060(10), Z = 2; 11 (C7gHs2NgOCuw), triclinic, space groufrl, a = 11.21410(10) Ap = 14.9539(5) Ac

= 20.6915(7) Ao = 101.810(2), B = 101.044(2), y = 101.722(2), Z = 2; 12 (C7gHg2NgONi), monoclinic,

space grouc2/c, a= 24.1671(4) Ab = 10.669 A,c = 50.5080(9) A8 = 99.553(2}, Z = 8. Exciton interactions
between the porphyrin rings are apparent in electronic spectra, consistent with the cofacial superstructure. The
combination of structural and spectroscopic data provides a basis for the design of additional metal derivatives
for the activation of dioxygen and other small molecules.

single rigid bridge:22-50 Though limited to only two different
spacers, anthracent (My(DPA)) and biphenylene (M-
(DPB))051the pillared systems have been prominent electro-
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Introduction

Cofacial bisporphyrins form molecular clefts for the binding
and activation of oxygen and other small molecules. Working
in concert, facially disposed subunits can provide the oxidizing
or reducing equivalents to effect the overall multielectron
activation of small-molecule substrates.The majority of
cofacial bisporphyrins reported thus far can be grouped into
one of two classes: bisporphyrins linked by two or more flexible
strapping units2! and pillared bisporphyrins anchored by a

T Massachusetts Institute of Technology.
* Michigan State University.

(1) Collman, J. P.; Wagenknecht, P. S.; Hutchinson, Arigew Chem,
Int. Ed. Engl. 1994 33, 1537-1554.

(2) Collman, J. P; Elliot, C. M.; Halbert, T. R.; Tovrog, B.Broc. Natl.
Acad Sci U.SA. 1977, 74, 18-22.

(3) Chang, C. K.; Kuo, M. S.; Wang, C. B. Heterocyl Chem 1977,

14, 943-945.

(4) Chang, C. KJ. Heterocyl Chem 1977, 14, 1285-1288.

(5) Chang, C. KJ. Chem Soc, Chem Commun 1977, 800-801.

(6) Collman, J. P.; Chong, A. O.; Jameson, G. B.; Oakley, R. T.; Rose
E.; Schmittou, E. R.; Ibers, J. A. Am Chem Soc 1981, 103 516—
533.

(7) Collman, J. P.; Anson, F. C.; Barnes, C. E.; Bencosme, C. S.; Geiger, (17) Karaman, R.; Almarsson, O.; Blasko, A.; Bruice, T.JOOrg. Chem
T.; Bvitt, E. R.; Kreh, R. P.; Meier, K.; Pettman, R. B.Am Chem 1992 57, 2169-2173.

Soc 1983 105, 2694-2699. (18) Karaman, R.; Almarsson, O.; Bruice, T. £.0Org. Chem 1992 57,

catalysts for the reduction of a variety of small molecules (e.g.,

02, Ny, and H).123.24.36.39.5254 The exceptional activity ofl

and2, as compared to their strapped counterparts, derives from

the cofacial presentation of the two porphyrin rings with small

lateral shifts, while the single bridge allows for a greater range

of possible binding geometries within the cofacial pocket by
' distortion of the porphyrin “bite”.

(8) Collman, J. P.; Bencosme, C. S.; Durand Jr., R. R.; Kreh, R. P.; Anson, 1555-1559.
F. C.J. Am Chem Soc 1983 105, 2699-2703. (19) Bookser, B. C.; Bruice, T. Cl. Am Chem Soc 1991, 113 4208-
(9) Collman, J. P.; Bencosme, C. S.; Barnes, C. E.; Miller, BJ.DAm 4218.
Chem Soc 1983 105, 2704-2710. (20) Ogoshi, H.; Sugimoto, H.; Yoshida, Zetrahedron Lett1977 169~
(10) Kim, K.; Collman, J. P.; Ibers, J. Al. Am Chem Soc 1988 110, 172.

4242-4246.

(11) Cowan, J. A.; Sanders, J. K. NI.Chem Soc, Chem Commun1985
1213-1214.

(12) Ichimura, K.Chem Lett 1977, 641-644.

(13) Kagan, N. E.; Mauzerall, D.; Merrifield, R. B. Am Chem Soc
1977, 99, 5484-5486.

(14) Karaman, R.; Bruice, T. Cl. Org. Chem 1991, 56, 3470-3472.

(15) Karaman, R.; Blasko, A.; Almarsson, O.; Arasasingham, R.; Bruice, (25) Fillers, J. P.; Ravichandran, K. G.; Abdalmuhdi, I.; Tulinsky, A.

T. C.J. Am Chem Soc 1992 114, 4889-4998.
(16) Karaman, R.; Jeon, S. W.; Almarsson, O.; Bruice, TJ.&m Chem
Soc 1992 114, 4899-4905.

(21) Paine, J. B., lll; Dolphin, D.; Gouterman, Man J. Chem 1978
56, 1712-1715.

(22) Chang, C. K.; Abdalalmuhdi, J. Org. Chem 1983 48, 5388-5390.

(23) Chang, C. K.; Liu, H. Y.; Abdalmuhdi, U. Am Chem Soc 1984
106 2725-2726.

(24) Chang, C. K.; Abdalmuhdi, Angew Chem, Int. Ed. Engl. 1984 23,
164-165.

Chang, C. KJ. Am Chem Soc 1986 108 417—424.

(26) Proniewicz, L. M.; Odo, J.; Goral, J.; Chang, C. K.; NakamotaJ.K.

Am Chem Soc 1989 111, 2105-2110.

10.1021/ic990987+ CCC: $19.00 © 2000 American Chemical Society
Published on Web 02/10/2000

1



960 Inorganic Chemistry, Vol. 39, No. 5, 2000 Chang et al.

Owing to our interest in proton-coupled redox processes of a convenient entry to the construction of a novel “Pac-Man”
small molecule$? especially oxygen, we sought to develop bisporphyrin that affords a unique combination of chemical
methods for the facile assembly of new cofacial bisporphyrins stability, rigidity, and synthetic availability. We extend the utility
that exhibit variable pocket sizes with minimal lateral displace- of this cofacial system by also preparing and characterizing the
ments. Inspired by Rebek’s elegant work on molecular ci&fes, homobinuclear zinc, copper, and nickel complexes.
we turned our attention to xanthéh€? as a new spacer for
cofacial bisporphyrins. We now report that this spacer provides Experimental Section
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(t, 2H, Ar H), 6.81 (br s, 2H, CH), 6.29 (s, 4H, NH), 5.68 (br s, 2H,
CH), 2.38 (g, 8H, Ch)), 1.62 (s, 18H, Ch), 1.13 (t, 12H, CH).
4,5-Bis[(2,3,13,17-tetraethyl-3,7,12,18-tetramethyl-5-porphyrinyl)-
9,9-dimethylxanthene, H(DPX) (9). A suspension o8 (5.30 g, 8
mmol) and5 (4.58 g, 16 mmol) in a mixture of THF (800 mL) and
methanol (400 mL) was purged with nitrogen for 1 h. A solution of
p-toluenesulfonic acid (3.56 g) in methanol (20 mL) was added
dropwise over a period of 2 h. The resulting red mixture was stirred in
the dark under nitrogen for 2 days. Sodigthloranil (3.56 g) was added
in one portion, and stirring was continued in air for 24 h. The mixture

Inorganic Chemistry, Vol. 39, No. 5, 200061

H, 6.65; N, 8.25. HRFABMS (M) m/z. calcd for GoHgaNsONis,
1274.532; found, 1274.531.

General Details of X-ray Data Collection and ReductionX-ray
diffraction data were collected using a Siemens three-circle diffracto-
meter equipped with a CCD detector. Measurements were carried out
at —90 °C using Mo Ko (4 = 0.71073 A) radiation, which was
wavelength-selected with a single-crystal graphite monochromator. Four
sets of data were collected usingscans and a 0.3 scan width. All
calculations were performed using a Silicon Graphics Indigo 2
workstation. The data frames were integratetiktlintensity, and final

was taken to dryness and the remaining solid redissolved in 500 mL unit cells were calculated by using the SAINT v.4.050 program from

of chloroform. A saturated methanolic solution of Zn(OA2H,0 (25
mL) was added, and the solution was refluxed for 15 min. The solvent

Siemens. The structures were solved and refined with the SHELXTL
v.5.03 suite of programs developed by G. M. Sheldrick and Siemens

was removed, and the remaining residue was purified by flash column Industrial Automation, Inc., 1995. Plots were drawn using ORTEP.

chromatography (silica gel, dichloromethane). The first band eluted
was collected and vigorously stirred wi6 N HCI (15 mL) for 15

min. The solution was neutralized with a 10% aqueous sodium
carbonate solution, and the mixture was stirred for an additional 15

X-ray Structure of Zn 3(DPX) (10). A 0.2 mm x 0.2 mmx 0.08
mm deep brick red crystal of plate morphology was obtained from a
solution of the complex in a mixture of methanol and dichloromethane.
The crystal was coated with Paratone N and mounted onto a glass fiber.

min. The organic phase was separated from the mixture, washed with A total of 13 185 reflections were collected in theange 1.43-23.28,

water (3 x 50 mL), dried over Ng5Q;, and taken to dryness.
Purification by flash column chromatography (silica gel, dichlo-
romethane to 1:1 methanol/dichloromethane) followed by recrystalli-
zation from dichloromethane/methanol afforded p@ras a purple
microcrystalline powder (2.1 g, 23% yieldH NMR (300 MHz, CDC},
25°C): 6 = 9.13 (s, 2H, meso), 8.29 (s, 4H, meso), 7.88 (d, 2H, Ar
H), 7.28 (t, 2H, Ar H), 7.06 (d, 2H, Ar H), 4.12 (m, 4H, G} 3.86
(m, 4H, CH), 3.32 (m, 8H, CH), 3.10 (s, 12H, Ch), 2.29 (s, 12H,
CHg), 2.25 (s, 6H, CH), 1.75 (t, 12H, CH), 1.37 (t, 12H, CH), —6.42
(br s, 2H, NH),—6.80 (br s, 2H, NH).
Zny(DPX) (10). A saturated methanolic solution of Zn(OA©QH,O
(12 mL) was added to a solution 6f(20 mg, 0.017 mmol) in 5 mL of
chloroform. The reaction mixture was refluxed for 30 min and taken
to dryness. The solid residue was purified by flash column chroma-
tography (silica gel, 3:1 dichloromethane/hexanes) followed by recrys-
tallization from dichloromethane/methanol to yield analytically pure
10as a brick red solid in nearly essentially quantitative yis#tiNMR
(300 MHz, CDC}, 25°C): 0 = 9.13 (s, 2H, meso), 8.43 (s, 4H, meso),
7.85 (d, 2H, Ar H), 7.21 (t, 2H, Ar H), 6.95 (d, 2H, Ar H), 4.15 (m,
4H, CH), 3.87 (m, 4H, CH)), 3.56 (m, 4H, CH), 3.32 (m, 4H, CH),
3.21 (s, 12H, Ch), 2.29 (s, 12H, Ch), 2.24 (s, 6H, CH), 1.74 (t,
12H, CH;), 1.40 (t, 12H, CH). Anal. Calcd for GeHg:NsOZmp: C,
73.54; H, 6.41; N, 8.68. Found: C, 73.69; H, 6.15; N, 8.35. HRFABMS
(M), Mz calcd for GoHgNsOZn,, 1286.519; found, 1286.520.
Cuz(DPX) (11). To a 60 mL chloroform solution @ (90 mg, 0.077
mmol) was added a solution of Cu(OA@QH,O (200 mg) and
potassium acetate (200 mg) in 15 mL of methanol. The resulting
solution was refluxed for 4 h, and the solvent was removed by rotary
evaporation. The solid was taken up in a 1:1 mixture of dichlo-

of which 8982 were uniqueR,;; = 0.0300). The zinc atoms were located
by the Patterson method, and remaining atoms were located by standard
difference Fourier techniques. Hydrogen atoms were placed in calcu-
lated positions using a standard riding model and were refined
isotropically. A disordered ethyl group attached to C(33) was assigned
half-occupancy in two different conformations. The largest peak and
hole in the difference map were 0.671 an@.534 e A3, respectively.
The least-squares refinement converged normally giving residuals of
R1=0.0570 and wR2= 0.1559, with GOF= 1.116. Crystal data for
CraH7:NgOZn,: triclinic, P1, Z = 2,a = 11.2671(2) Ab = 14.9809-
(2) A, c=20.4852(2) Ao = 101.6680(10), 3 = 100.8890(10), y =
101.8060(10), V = 3217.57(8) A&, pcar = 1.327 g/crd, F(000)= 1350.
X-ray Structure of Cux(DPX) (11). A 0.3 mm x 0.2 mmx 0.08
mm mulberry red crystal of plate morphology was obtained from a
solution of the complex in a mixture of methanol and dichloromethane.
The crystal was coated with Paratone N and mounted onto a glass fiber.
A total of 11 372 reflections were collected in theange 1.54-21.50,
of which 7353 were uniqueR = 0.1015). The copper atoms were
located by the Patterson method, and the remaining atoms in the
structure were located as peaks in the difference Fourier map. Hydrogen
atoms were placed in calculated positions using a standard riding model
and were refined isotropically. The largest peak and hole in the
difference map were 0.788 aneD.629 e A3, respectively. The least-
squares refinement converged normally giving residuals 6FR10909
and wR2= 0.1994, with GOF= 1.036. Crystal data for fgHsx
CwNgO: triclinic, P1, Z=2,a= 11.21410(10) Ab = 14.9539(5) A,
¢ =20.6915(7) A,o. = 101.810(2), = 101.044(2), y = 101.722-
(2)°, V =3225.7(2) B, pcac = 1.325 g/cr, F(000) = 1356.
X-ray Structure of Niz(DPX) (12). A 0.2 mm x 0.15 mmx 0.08

romethane/water (120 mL). The organic layer was decanted, washedmm plum red crystal of plate morphology was obtained from a solution

with water (3 x 50 mL), dried over NgSO;, and taken to dryness.
The crude material was purified by flash column chromatography (silica
gel, 1:1 dichloromethane/hexanes) followed by recrystallization from
dichloromethane/methanol to afford analytically ptiieas a mulberry
red solid (94 mg, 94% yield). Anal. Calcd for;&1g2NsOCup2CH,-
Cl: C, 66.85; H, 5.91; N, 7.70. Found: C, 67.25; H, 5.95; N, 7.41.
HRFABMS (M%), m/z. calcd for GoHg:NsOCuw, 1284.540; found,
1284.519.

Ni>(DPX) (12). A mixture of 9 (88 mg, 0.076 mmol) and Ni¢l
(123 mg) in 50 mL of DMF was refluxed under nitrogen for 4 h. The

of the complex in a mixture of methanol and dichloromethane. The
crystal was coated with Paratone N and mounted onto a glass fiber. A
total of 18 577 reflections were collected in theange 1.64-20.00,

of which 5996 were uniqueR, = 0.1005). The Patterson method was
used to locate the nickel atoms, all remaining atoms were placed using
the difference Fourier map. Hydrogen atoms were placed in calculated
positions using a standard riding model and were refined isotropically.
The largest peak and hole in the difference map were 0.509-amP5

e A3, respectively. The least-squares refinement converged normally
giving residuals of R1= 0.0768 and wR2= 0.1460, with GOF=

solvent was removed under vacuum, and the remaining solid was takenl1.173. Crystal data for gHs2NgNi-O: monoclinic,C2/c, Z = 8,a =

up in a 1:1 mixture of dichloromethane/water (150 mL). The organic
layer was decanted, washed with water{&0 mL), dried over Na

SQ, and taken to dryness. Purification by flash column chromatography
(silica gel, 3:1 dichloromethane/hexanes) followed by recrystallization
from dichloromethane/methanol gave analytically pligeas a plum
red solid (80 mg, 83% yieldfH NMR (300 MHz, CDC}, 25°C): 6

= 8.76 (s, 2H, meso), 8.00 (s, 4H, meso), 7.79 (d, 2H, Ar H), 7.19 (t,
2H, Ar H), 6.93 (d, 2H, Ar H), 3.64 (m, 4H, CH\, 3.47 (m, 4H, CH),
2.95 (m, 8H, CH), 2.71 (s, 12H, CH), 2.12 (s, 12H, Ch), 1.57 (t,
12H, CHy), 1.52 (s, 6H, ChH), 1.22 (t, 12H, CH). Anal. Calcd for
C79Hg2NgONip+3H,O: C, 71.29; H, 6.61; N, 8.42. Found: C, 71.01;

24.1671(4) Ab = 10.669(0) A,c = 50.5080(9) A8 = 99.553(23, V
= 12842.0(3) &, pcac = 1.321 g/cr, F(000) = 5408.

Physical Measurements'H NMR spectra were collected in CDLI
(Cambridge Isotope Laboratories) at the MIT Department of Chemistry
Instrumentation Facility (DCIF) using a Varian XL-300, a Unity 300,
or a Mercury 300 spectrometer at 25. All chemical shifts are reported
using the standard notation in parts per million; positive chemical
shifts are to higher frequency from the given reference. Absorption

(73) Johnson, C. KORTEP It Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.
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Scheme %

o
= —— R=CO,Et(7 M=2H (9
a r R=H . 2Et (7) . [ (9)
— R =CHO (6) L—= R=H(8) L—» M= 2n (10), Cu (11), Ni (12)

aKey: (a) i, n-BuLi; ii, DMF; iii, H ;0. (b) 6 and4, ethanol, HCI, reflux. (c) NaOH, ethylene glycol, reflux. (dBiand5, p-TsOH, methanol/
THF; ii, o-chloranil. (€) MX, chloroform/methanol/DMF, reflux.

spectra were obtained using a Cary 17 spectrophotometer modified byacid followed by oxidation witho-chloranil gives the corre-

On-Line Instrument Systems (OLIS) to include computer control. sponding bisporphyrif after workup and purification. The 23%

Emission spectra were recorded using a high-resolution instrumentyie|d for the final coupling step is comparable to the results

described previously/. _ _ obtained by the optimized procedure employed by Collman and
Luminescence lifetime measurements_ were carried out using a .o-workers for the synthesis of,fDPB)2°

Hamamatsu C4334-0 streak camera. Excitation pulses (9800 nm) The cofacial disposition of rings in bisporphyfis revealed

were generated from the second harmonic of a commercial 1 kHz Ti: ) : .
sapphire-based chirped-pulse regenerative amplifier system. Briefly, by *H NMR spectroscopy. The upfield shift of the internal NH

the amplifier (Alpha 1000 S, BM Industries) was seeded with 130 fs, Pyrrolic resonances in théd NMR spectrum oB compared to
30-40 nJ pulses from a 76 MHz passively mode-locked Ti:sapphire the signals of its monomeric counterg@is characteristic of a
oscillator (Mira 900-F, Coherent), pumpegd 5 W of second-harmonic cofacial arrangement, due to a shielding effect caused by ring
light from a solid-state diode pumped YAG laser at 532 nm (Verdi, current interactions between the closely associated porphyrin
Coherent). The regenerative amplifier was pumped by 400 ns pulsesmoietiest-2224 The clean, sharp NMR peaks observed for the
of 527 nm second-harmonic excitation at 1 kHz from a Nd:YLF laser meso and methyl protons & provide further support for a
(BMI 621-D). Chirped pulses from the oscillator were amplified over nonslipped, stacked conformation for the two adjoined porphyrin
several passes and compressed in a grating compressor-t@Q0@s fings.

pulses at 800 nm with an average power of 800 mW or 0.8 mJ per . . . .
pulse. Approximately 40% of the light was split off and doubled to The homobimetallic complexes of bisporphy#iare readily

400 nm in a BBO to give 95 mW at 400 nm. obtained by reaction with metal salts. Treatmen®afith Zn-
Samples for lifetime measurements were contained within a cell (OAC)"2HO in- methanol/chloroform mixtures affords the
equipped with a solvent resevoirdia 1 cmclear fused-quartz cell  corresponding binuclear zinc(ll) complex ZBPX) (10) in

(Starna Cells, Inc.). The two chambers were isolated from each other quantitative yield. Comple£0 was identified using a combina-
by a high-vacuum Teflon valve and from the environment with a second tion of M NMR, high-resolution mass spectrometry, and
high-vacuum Teflon valve. Samples were subject to at least three elemental analyses. Similar to that®fthe!H NMR spectrum
freeze-pump-thaw cycles (10° Torr). _ of 10 confirms a diamagnetic, cofacially stacked bisporphyrin
Magnetic measurements were performed using a SQUID suscep-gystem, The homobimetallic complex fDPX) (11) is obtained
tometer (Quantum Design MPMSR2) within the 200 K regime. The 7 o cellent yield (94%) by reaction &fwith Cu(OAC)-2H,0
data were corrected for the diamagnetic contribution of the sample . : -
holder and for the diamagnetism of the compound, calculated using in methanol/chloroform mixtures. Complaa gave §at|sfact0ry -
Pascal's constants. mass spectral and elemental analyses. Magnetic _s_usceptlblhty
measurements over the temperature rang@® K verified the
Results and Discussion paramagnetic nature afl. The compound obeys the Curie law
at high temperatures with a magnetic moment of lugDer
metal center, though deviations from a simple paramagnet are
observed at low temperature. A magnetic moment of k58
per metal centerta2 K indicates weak antiferromagnetic
coupling. A fit of the molar susceptibility data to the Blearey
Bowers model for dimer§ gives an estimate for the exchange
coupling constand of —0.5 cnm?, a value that corresponds to
the lower limit value obtained by EPR for a series of cofacial
copper bisporphyring’ Lastly, Ni(DPX) (12) was prepared
according to Adler's method (Nigtefluxing DMF)’8 in good
yield (83%). The diamagnetic complex was characterized by
IH NMR, high-resolution mass spectrometry, and elemental
analyses.

Synthesis.The xanthene-bridged cofacial bisporphyrig-H
(DPX) (9) is synthesized as outlined in Scheme 1. We employ
the method originally developed by Cha&?&*and elaborated
by Collmar? for the preparation of pillared anthracene- and
biphenylene-bridged bisporphyrins. This convergent route in-
volves a three-branch coupling of the dicarboxaldehyde bridge
6, o-free pyrrole ethyl estet, and dipyrrylmethanedialdehyde
5 to form the cofacial bisporphyrin.

Dialdehyde bridge6 is obtained in 86% vyield by the
regioselective 4,5-dilithiation of 9,9-dimethylxanthe®e the
presence of dry DMF followed by hydrolysis of the intermediate
imidate salt. Reaction & with 4 equiv of4 in boiling ethanol
affords the corresponding ester-protected bis(pyrryl)ymetfiane
in 88% yield. Subsequent saponification of theethyl esters  (75) The chemical shifts obtained for the internal NH protons in a
of 7 with sodium hydroxide in ethylene glycol proceeds monomeric mono(meso-substituted porphyrin) xanthene ar8.10

smoothly to produce thecfree tetrapyrroles (86% yield). (76) zén;”—n&ég IE)FI)\/In;gnetochemistrySpringer Verlag: Berlin, 1986

Cyclization of 8 with 5 in the presence op-toluenesulfonic (77) Eaton. S. S.. Eaton, G. R.. éhang, C.JAm Chem Soc 1985

107, 3177-3184.

(74) Shin, Y.-g. K.; Miskowski, V. M.; Nocera, D. Gnorg. Chem 199Q (78) Scheidt, W. R.; Mondal, J. U.; Eigenbrot, C. W.; Adler, A.;
29, 2308-2313. Radonovich, L. J.; Hoard, J. llnorg. Chem 1986 25, 795-799.
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c(1)

Figure 1. Crystal structure of ZgDPX) (10). Thermal ellipsoids are
drawn at the 25% probability level, showing the atom-numbering

scheme. Side groups and hydrogen atoms have been omitted for clarity. Pcaca (9 €T3)

e 2

Figure 2. Crystal structure of G{DPX) (11). Thermal ellipsoids are
drawn at the 25% probability level, showing the atom-numbering

scheme. Side groups and hydrogen atoms have been omitted for clarity.

Figure 3. Crystal structure of N{DPX) (12). Thermal ellipsoids are
drawn at the 25% probability level, showing the atom-numbering

scheme. Side groups and hydrogen atoms have been omitted for clarity.

Structural Chemistry of DPX. The molecular structures of
10—12 are shown in Figures-13, respectively. Each atom of

the porphyrin rings and the corresponding bridge is numbered zn(1)-N(4)
in the standard fashion while auxiliary methyl and ethyl groups Zn(2—-N(5)

off the macrocycles are additionally identified with their

connection to the porphyrin ring. Selected geometrical measure- zp2)-N(g)

ments are given in Tables-4.

Trends in bond lengths and angles of macrocyclic core
structures and side chains agree well with those observed in

related systems such ag(BPA), Hy(DPB), and 1,2-bis(2,3,7,8,-
12,13,17,18-octaethyl-5-porphyrinyd)s-ethene porphyrin&-8°
Structural highlights of the core structures fb@-12 are as
follows.

10. Both tetracoordinate Zn(ll) macrocycles exhibit a wave
conformation’87981with a mean deviation of 0.3608 A for the

Inorganic Chemistry, Vol. 39, No. 5, 200063

Table 1. Crystallographic Data fot0—12

10 11 12
empirical formula GgH77NgoZn2 C79H82CU2N80 C79H82N8Ni20
fw 1285.23 1286.61 1276.95
T(K) 183(2) 183(2) 183(2)

A (A) 0.71073 0.71073 0.71073
crystal system triclinic triclinic monoclinic
space group P1 P1 C2lc
a(A) 11.2671(2) 11.21410(10)  24.1671(4)
b (A) 14.9809(2) 14.9539(5) 10.669
c(R) 20.4852(2) 20.6915(7) 50.5080(9)
a (deg) 101.6680(10) 101.810(2) 90
p (deg) 100.8890(10) 101.044(2) 99.553(2)
y (deg) 101.8060(10) 101.722(2) 90
V (A3 3217.57(8) 3225.7(2) 12 842.0(3)
z 2 2 8

1.327 1.325 1.321
abs coeff (mm?) 0.800 0.714 0.641
F(000) 1350 1356 5408
no. of reflens colled 13 185 11372 18 577
(Riny) ind refins 8982 (0.0300) 7353(0.1015) 5996 (0.1005)

0.4175/0.3605 0.4239/0.3066 0.4885/0.3535
6093/0/812 5623/0/812

max/min transm
data/restraints/params 8972/0/830

R12wR2 0.0570, 0.1559 0.0909, 0.1994 0.0768, 0.1460
R12wR2 (all data)  0.0833, 0.1973 0.1940,0.2897 0.1152,0.2051
GOF on P 1.116 1.036 1.173

extinction coeff 0.0029(8) 0.0000(3) 0.00000(2)

AR1=Y||Fo — IFdI/3|Fol. PWR2 = [SW(Fo? — FAHFW(Fo?)? Y2
¢GOF = [SW(Fs? — FA)(n — p)1*2, wheren is the number of data
andp is the number of parameters refined.

Table 2. Crystallographically Derived Intradimer Geometrical
Features foll0—122

10 11 12
M—M dist (A) 3.708 3.910 4.689
M—N, displacement (&) 0.0918 0.0290 0.0061
Ct—Ct dist (A) 3.863 3.978 4.698
MPS (R) 3.417 3.611 3.666
interplanar angle (deg) 4.4 2.3 1.9
slip angle (deg) 27.8 24.8 38.7
lateral shift (A) 1.802 1.668 2.937

a Metrics were derived as follows. The macrocyclic center (Ct) was
calculated as the center of the four-nitrogen plane (4-N plane) for each
macrocycle. The interplanar angle was measured as the angle between
the 4-N least-squares planes. The plane separation was measured as
the perpendicular distance from one macrocycle’'s 4-N least-squares
plane to the center of the other macrocycle; the mean plane separation
(MPS) was the average of the two plane separations. The slip angle
(o) was calculated as the average angle between the vector connecting
the two metal centers and the unit vectors normal to the two macrocyclic
4-N least-squares planas € o, + a.2/2). The lateral shift was defined
as (sina)(Ct—Ct dist).

Table 3. Selected Bond Lengths (A) fdr0—12

10 11 12
Zn(1)-N(1) 2.031(4) Cu(1FN(1) 2.008(9) Ni(1FN(1) 1.942(7)
Zn(1)-N(2) 2.036(4) Cu(1FN(2) 2.016(9) Ni(1FN(2) 1.943(7)
Zn(1)-N(3) 2.040(4) Cu(1}N(3) 2.001(9) Ni(1}-N(3) 1.948(7)

2.051(4) Cu(1}N(4) 2.011(9) Ni(1N(4) 1.920(7)
2.047(4) Cu(2XN(5) 1.980(10) Ni(2}-N(5) 1.968(7)
Zn(2)-N(6) 2.043(4) Cu(2rN(6) 1.995(9) Ni(2¥-N(6) 1.941(7)
Zn(2)-N(7) 2.040(4) Cu(2}N(7) 1.992(9) Ni(2}-N(7) 1.958(7)
2.038(4) Cu(2N(8) 2.013(9) Ni(2-N(8) 1.971(7)

macrocyclic atoms from the porphyrin mean plane. Each
macrocycle is positioned essentially in the plane (average
Zn—N, displacement 0.0918 A) with an average ZrN bond
length of 2.041 A, which is in good agreement with the cases
of related monomeri€-8° and dimeric Zn(Il) porphyring?-84

(79) Scheidt, W. R.; Lee, Y. Btruct Bonding(Berlin) 1987 64, 1-70.
(80) Senge, M. O.; Forsyth, T. P.; Smith, K. Kristallogr. 1996 211,
176-185.
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Table 4. Selected Bond Angles (deg) fa0—12

10 11 12
N(1)—Zn(1)-N(2) 89.5(2) N(3)-Cu(1)-N(1) 176.9(3) N(4)-Ni(1)—N(1) 90.2(3)
N(1)—Zn(1)-N(3) 172.3(2) N(3)-Cu(1)-N(4) 88.9(4) N(4)-Ni(1)—N(2) 179.1(3)
N(2)—2Zn(1)-N(3) 91.0(2) N(1}-Cu(1)-N(4) 90.1(4) N(1)>Ni(1)—N(2) 89.1(3)
N(1)—Zn(1)-N(4) 90.6(2) N(B»-Cu(1)-N(2) 91.5(3) N(4)-Ni(1)—N(3) 89.3(3)
N(2)—2Zn(1)-N(4) 178.5(2) N(L-Cu(1)-N(2) 89.5(3) N(1)>Ni(1)—N(3) 178.6(3)
N(3)—Zn(1)-N(4) 88.8(2) N(4)»-Cu(1)-N(2) 178.6(3) N(2)-Ni(1)—N(3) 91.5(3)
N(7)—Zn(2)-N(8) 89.1(2) N(5)-Cu(2)-N(6) 89.7(4) N(6)-Ni(2)—N(7) 91.4(3)
N(7)—Zn(2)—N(6) 91.2(2) N(5>-Cu(2)-N(7) 175.0(3) N(6)-Ni(2)—N(5) 88.3(3)
N(8)—Zn(2)—N(6) 175.6(2) N(6)-Cu(2)-N(7) 91.3(4) N(73Ni(2)—N(5) 178.5(3)
N(7)—Zn(2)-N(5) 172.9(2) N(5)-Cu(2)-N(8) 90.3(4) N(6)-Ni(2)—N(8) 177.8(3)
N(8)—Zn(2)—N(5) 90.9(2) N(6)-Cu(2)-N(8) 179.7(3) N(73-Ni(2)—N(8) 88.7(3)
N(6)—Zn(2)—N(5) 88.3(2) N(7)>-Cu(2)-N(8) 88.8(4) N(5)-Ni(2)—N(8) 91.7(3)

11. The Cu(ll) ions are situated in an approximately,Nie less pronounced ruffled structure. Although the mean deviation

square, as the NCu—N bond angles are 98 1.5°. The average of 0.3250 A from the porphyrin plane is similar to what was
Cu—N bond length is 2.002 A. A conformational analysis of observed in the ring containing Ni(1), the meso carbons are
the two macrocycles indicates inequivalent ring systems. The displaced from only 0.0154 A below to 0.4076 A above the
porphyrin ring containing Cu(1) exhibits a ruffled conformation mean porphyrin plane.

with a mean deviation from planarity of 0.2176 A; the meso  The three approximately mutually perpendicular views of the
carbons are alternately displaced above and below the meammolecular crystal structures &6—12 shown in Figure 4 confirm
porphyrin plane. In contrast, the ring with Cu(2) exhibits a wave the ability of the xanthene bridge to hold two porphyrin rings
conformation with a mean deviation from planarity of 0.3244 in a cofacial arrangement akin to that observed for anthracene
A. Smith and co-workers have observed a similar effect in a and biphenylene systems. Pertinent geometrical parameters are
related biscopper ethene-bridged bisporph$##, attributing summarized in Table 2. Scheidt and Lee’s semiquantitative
this type of inequivalence to a “localized” macrocycle distor- scheme for the pairwise overlap of thesystems of spatially
tion®788 induced by the steric crowding of a large meso oriented porphyrin monomers within the crystalline lattfce

substituent flanked by proximate alkyl groups. provides a useful framework to analyze the structures of the
12.The square geometry for the Ni(ll) core is confirmed by xanthene bisporphyrins described here. The most important
the average NiN, displacement of 0.0061 A and-\Ni—N geometrical features of the aggregate dimer model are the lateral

bond angles of 96t 1.7°. Deviation of Ni-N bond lengths shift of the metal centers and the mean separation of the
from the 1.949 A average (1.920(7).971(7) A) typically are macrocycle planes, which are defined in Table 2. In this model,
caused by aggregation and packing for€eEhe shorter M-N authenticr—u interactions between aromatic macrocycles (as
bond lengths inl2 as compared td1 result from the smaller  opposed to crystal packing effects) are signified by small lateral
radius of the Ni(ll) ion?®8° As observed for the analogous bis-  shifts (<4 A).

copper(ll) complex1l, the two ring systems ofl2 are The data of Table 2 are unique insofar as lateral shifts are
structurally inequivalent in the solid state. The macrocycle with collected for a homologous series of cofacial metallobis-
Ni(1) exhibits a pronounced ruffled conformation with a mean porphyrins anchored by the same pillar. Owing to the inflex-
deviation of 0.3502 A for the macrocyclic atoms from the ibjlity of the xanthene spacer, the lateral shiftsl6f12, defined
porphyrin mean plane. The meso carbons are alternatelyfor the most part by the methirenethine direction perpen-
displaced from the mean porphyrin plane, ranging from 0.6304 dicular to the bridge, are small and similar. Of the three
A above to 0.5829 A below the 24-atom macrocycle unit. The structures12 exhibits the least overlap, though the observed
& ruffling of the porphyrin ring is typical of Ni(ll) porphyrin |ateral shift is only moderately larger than that observed for
complexes and results from the contraction of the metal related Ni(ll) cofacial bisporphyrins (e.g., lateral shift of,Ni
coordination site owing to the small size and high electrophilicity (DPA) is 2.40 A)?5 The splayed structure df2 suggests that

of the Ni(ll) ion. 92 The macrocycle containing Ni(2) has a the association of the nickel subunits is smaller than that of the
zinc and copper congeners. This finding is consonant with NMR

(81) Bym, M. P.; Curtis, C. J.; Hsiou, Y.; Khan, S. I.; Sawin, P. A;; Tendick, jnyestigations, which also show the same trend for the aggrega-
S. K.; Terzis, A.; Strouse, C. B. Am Chem Soc 1993 115, 9480~ 9 ' gareg

9497 tion of monomeric, asymmetric metalloporphyrins along this
(82) Osuka, A.: Nakajima, S.; Nagata, T.; Maruyama, K.; Toriumi, K. metal serieg?°2%4 The interplanar mean plane separations for
o3 ACTgeW ?hflﬁmé 'h;\-l Ed. EBQ'-Jl.ggl ?r? i32|\;h584- Chem 1968 37 10—12 are similar, ranging from 3.4 to 3.6 A.
®3) 11?81_(%{‘1’60_' -+ Nureo, D..J.; Smith, K. Nhorg. Chem 1998 37, Spectroscopy.Electronic spectra 09 and its zinc, copper,

(84) Paolesse, R.; Pandey, R. K.; Forsyth, T. P.; Jacquinod, L.; Gerzevske,and nickel complexes are consistent with a face-to-face structure
K. R.; Nurco, D. J.; Senge, M. O.; Licoccia, S.; Boschi, T.; Smith, K. in solution. Soret (B) and Q absorption bandsJer12 arising

(85) '\SﬁéiggmMcgemGi?;e%gEg 1K18R3_83§:—e?;§22m G. H.: Forsyth, T. P.: from the standard four-orbital model for porphyrin spetteae

Smith, K. M. Angew Chem, Int. Ed. Engl. 1993 32, 750-753. " clearly perturbed upon cofacially disposing two porphyrin rings.

(86) Senge, M. O.; Vicente, M. G. H.; Gerzevske, K. R.; Forsyth, T. P.; The spectrum ofL0, shown in Figure 5, is exemplary of the
Smith, K. M. Inorg. Chem 1994 33, 5625-5638. ; ; ; ;

(87) Hursthouse, M. B+ Neidle, S. Chem Soe, Chem Commun1972 series. Figure 5a compares the electronic absorption spectra of
449-450.

(88) Furhop, J. H.; Witte, L.; Sheldrick, W. 8iebigs Ann Chem 1976 (92) Abraham, R. J,; Fell, S. C. M.; Pearson, H.; Smith, KTidtrahedron
1537-1559. 1979 35, 1759-1766.

(89) Fleischer, E. B.; Miller, C. K.; Webb, L. B. Am Chem Soc 1964 (93) Abraham, R. J.; Barnett, G. H.; Hawkes, G. E.; Smith, K. M.
86, 2342-2347. Tetrahedron1976 32, 2949-2956.

(90) Fleischer, E. BJ. Am Chem Soc 1963 85, 146-148. (94) Abraham, R. J.; Eivazi, F.; Pearson, H.; Smith, K.IMChem Soc,

(91) Kratzky, C.; Fassler, A.; Pfaltz, A.; Krautler, B.; Jaun, B.; Eschenmoser, Chem Commun 1976 699-700.

A. J. Chem Soc, Chem Commun 1984 1368-1371. (95) Gouterman, MJ. Mol. Spectrosc1961, 6, 138-163.
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Figure 4. Comparative views of the crystal structuresl@®-12: (a) top view, perpendicular to porphyrin planes; (b) side view, parallel to the
bridge plane; (c) side view, perpendicular to the bridge plane. Side groups have been omitted for clarity.
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Figure 5. (a) Absorption and (b) emission spectra of,@PX) (10)
(solid line) and [5-(&bromophenyl)-2,8,13,17-tetraethyl-3,7,12,18-
tetramethylporphyrinato]zinc (Il) (dashed line) in dichloromethane at
298 K.

10 and its monomeric analogue [54dromophenyl)-2,8,13,-
17-tetraethyl-3,7,12,18-tetramethylporphyrinato]zinc(ll) in dichlo-
romethane. Characteristic of excitonically interacting porphyrin
subunits}21.229the B band {max= 389 nm,e = 290 000 M1
cm™1) is blue-shifted and broadened relative to that of the
monomer {max = 405 nm,e = 260 000 Mt cm™1) while Q(1,0)
(Amax = 541 nm,e = 14 300 M cm™Y) and Q(0,0) fmax =
576 nm,e = 13 200 M~! cm™~1) maxima are clearly shifted to
the red fmax = 535 and 571 nm)10 produces the strong
fluorescencepns = 1.35(1) ns) that is typical of Q(0,0) and
Q(1,0) excitation (Figure 5b). As with the Q-band absorption
profile, a correspondent red shift of these emission bahgls (

(96) Gouterman, M.; Holten, D.; Lieberman, Ehem Phys 1977, 25,
139-153.

= 591 and 640 nm) is observed with respect to monomer
emission fmax = 576 and 626 nm). Free-base porphydialso
exhibits a fluorescencé ax = 637 and 703 nmgops = 10.55-

(1) ns). The phyllo-type splitting patterifa{Qy(1,0)) = 509
nm,e = 10 100 M cm™%; 1ma{Qy(0,0)) = 543 nm,e = 5800

ML em™; AmadQx(1,0)) = 579 nm,e = 6200 M1 cm™; Amax
(Qx(0,0)) = 631 nm,e = 2400 M1 cm™1), which is charac-
teristic of mono(meso-substituted porphyrins), though observed
in the absorption profile 09, is not apparent in the fluorescence
spectrum.

Complexesll and 12 exhibit typical hypso-type solution
absorption spectra, due to overlap between the fillgdadd
dy, orbitals and empty porphyrin* levels. The result of these
interactions leads to a red shift of the porphyrins* transitions
with respect to those of the free-base porphyfifihe B-band
maximum in the absorption spectrum Bf appears at 387 nm
(e =265 000 M1 cm™1), with the Q(1,0) and Q(0,0) transitions
occurring at 5344 = 16 700 Mt cm™) and 571 nm{ =
19 800 M1 cm™1), respectively. The B band in the absorption
spectrum ofl2is centered at 388 nna & 250 000 M1 cm™1).
The Q bands are shifted to higher energy with respect to those
of 11, appearing at 526 nne (= 13 600 Mt cm™1) and 564
nm (€ = 23 000 M~ cm™1). Typical of porphyrin chemistry,
the placement of the-eld states energetically below the-x
states of the macrocycle circumvents luminescence.

(97) Buchler, J. W. Irtatic Coordination Chemistry of Metalloporphyrins
2nd ed.; Smith, K. M., Ed.; Elsevier Scientific: Oxford, U.K., 1975;
pp 157232.
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Concluding Remarks former gives the DPX system enhanced longitudinal flexibility,
allowing the binding pocket to span the dimensions of either
the anthracene or the biphenylene system. Furthermore, the
pocket size of the “Pac-Man” bisporphyrin may be further tuned
by metal substitution, as the extentmof-x interactions plays

an important role in determining the lateral slip between the
two porphyrin rings. Finally, the central oxygen may provide a
possible hydrogen-bonding site for proton-coupled redox pro-
Lesses in the bisporphyrin cavity. With these results in hand,
we are now poised to investigate these and related cofacial bis-
porphyrin species for their small-molecule activation chemistry.

The success of pillared bisporphyrins in small-molecule
activation chemistry relies heavily on the choice of spacer. The
most crucial features are the size and flexibility of the binding
pocket provided by fixing two macrocyclic units in a cofacial
arrangement. Biphenylene has been the bridge of choice in
studies of the small-molecule activation chemistry of pillared
bisporphyrins, providing a tighter binding cavity than the more
easily synthesized anthracene due to the fewer number of atom
separating the porphyrin subunits. However, the synthesis of
the biphenylene pillar is particularly arduous, involving multiple

steps including a high-temperature vacuum pyrolysis (800 Acknowledgment. C.J.C. gratefully acknowledges the Na-
0.6 Tom)?* In contrast, the accessibility of the xanthene pillar 54| Science Foundation for a predoctoral fellowship. We thank
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